2-Arachidonoylglycerol (2-AG) is an endocannabinoid (endogenous ligand) for the cannabinoid (CB) receptors. 1, 2 The endocannabinoid signaling system is comprised of CB receptors, putative endogenous ligands and enzymes that synthesize and metabolize endocannabinoids. The endocannabinoid signaling system has recently been implicated in the regulation of various types of cancer. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] However, the role of 2-AG in prostate carcinoma cells are not well understood. 2-AG inhibits prolactin-induced proliferation in DU-145 cells by activation of the CB 1 receptors. 13 We previously demonstrated that 2-AG is endogenously produced in prostate carcinoma cells and acts as an endogenous antiinvasive factor in androgen-independent prostate carcinoma (PC-3 and DU-145) cells.
14 Increasing the endogenous 2-AG concentration by inhibiting its hydrolysis or treating cells with a nonhydrolyzable analog of 2-AG, noladin ether (a CB 1 receptor ligand), decreased cell invasion. 14, 15 Although the endogenous 2-AG and its stable analog inhibit invasion of prostate carcinoma cells, exogenously added 2-AG does not block cell invasion. 2-AG can be readily hydrolyzed to arachidonic acid (AA) and glycerol by 2 well characterized enzymes, monoacylglycerol lipase (MGL) 16, 17 and fatty acid amide hydrolase (FAAH). 16 The 2-AG hydrolysis may possess 2 important effects; (i) it reduces 2-AG concentration as a ligand for binding to the CB receptors and (ii) it generates free AA as a substrate for enzymes in the AA metabolic cascade. Both these 2 pathways can promote invasion of prostate carcinoma cells. In this study, we investigated enzymatic pathways that contribute to detrimental effects of exogenous 2-AG on invasion of prostate carcinoma cells.
Material and methods

Materials
Androgen-independent prostate carcinoma (PC-3) cells, human prostate stromal cells (WPMY-1) and human fibroblast were obtained from the American Type Culture Collection (ATCC, Rockville, Maryland). AA, 2-AG, 12 Cells and cell culture PC-3 cells, human fibroblasts and human prostate stromal (WPMY-1) cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum, L-glutamine (2 mM), streptomycin (100 lg/ml) and penicillin (100 U/ml).
14 Cells were grown in 75-cm 2 polystyrene tissue culture flasks at 37°C in 5% CO 2 in air to 70% confluency before use.
The media for human fibroblasts were changed to serum free RPMI and cultured overnight. Then, the conditioned media were used as a chemoattractant in invasion assay.
For conditioned media of PC-3 cells or WPMY-1 cells, the media were changed to serum free RPMI and the cells were incubated for 24 hr. Then, the conditioned media were analyzed for 2-AG, AA and 12-HETE, or used to treat PC-3 cells during invasion assay.
Determination of AA, 2-AG and 12-HETE by liquid chromatography-electrospray ionization-mass spectrometry Cells were grown in T-75 flasks, rinsed with 5-ml HEPES buffer, pH 7.4, treated with OTFP (1 lM), baicalein (10 lM) or vehicle in HEPES buffer at 37°C for 15 min. In some experiments, cells were incubated with exogenous 2-AG following the 15-min pre-treatment with the inhibitors or vehicle as previously described. 22 Cells were lysed, scraped and transferred into 15-ml 22 redissolved in 20 ll acetonitrile, and analyzed or kept at 280°C. Samples were analyzed by using liquid chromatography-electrospray ionization-mass spectrometry (LC-ESI-MS) (Agilent 1100 LC-MSD, SL model). 22 Briefly, the samples were separated on a reverse phase C 18 column (Kromasil, 250 3 2 mm 2 , Phenomenex) using water/acetonitrile containing 0.005% acetic acid as a mobile phase at a flow rate of 0.2 ml/min. The gradient started at 15% acetonitrile, linearly increased to 80% acetonitrile in 40 min, then to 100% acetonitrile in 5 min, and was held at 100% acetonitrile for 10 min. Drying gas flow of the electrospray chamber was 12 l/min, drying gas temperature was 350°C, nebulizer pressure was 35 psig, vaporizer temperature was 350°C, capillary voltage was 3000 V, and fragmentor voltage was 120 V. The detection was made in the negative mode for 12-HETE and AA, and the positive mode for 2-AG. For quantitative measurement, the m/z 319, 327, 303, 311, 379 and 387 were used for 12-HETE, [ Concentrations of AA, 2-AG and 12-HETE in conditioned media of PC-3 cells and WPMY-1 cells (cultured in serum free RPMI media for 24 hr) were also determined by LC-ESI-MS as earlier.
Determination of 2-AG metabolism by high performance liquid chromatography
To determine the conversion of 2-AG to AA in PC-3 cells, the cells were incubated with [ 14 C]2-AG at 37°C for 30 min, lysed and extracted by SPE. Samples were separated on a C 18 reverse phase column (4.6 3 250 mm 2 , Nucleosil, Phenomenex) using water:acetonitrile containing 0.1% acetic acid as a mobile phase at a flow rate of 1.0 ml/min. The mobile phase started at 50% acetonitrile and linearly increased to 100% acetonitrile in 35 min. The eluent was collected at 5 fractions/min and counted for radioactivity. The retention times of the radioactive peaks of 2-AG and AA in the samples were compared with the retention times of the 2-AG and AA standards.
For the determination of 12-HETE stereoisomers in PC-3 cells, the samples were separated by liquid chromatography using a chiral column (Chiracel OD, 4.6 3 250 mm 2 , Chiral Technologies, Exton, PA) with a mobile phase of hexane containing 0.1% isopropanol, 1% ethanol and 0.1% acetic acid at a flow rate of 1.0 ml/min. The UV absorption detection was made at the wavelength of 235 nm. The fractions corresponding to the retention 
Western blot analysis of L-12-LO
Cells were grown to 75% confluency and lysed in the presence of a ''Complete Mini tablet'' of protease inhibitors as described earlier. Protein samples (75 lg) were separated by SDS-PAGE (Ready Gels) and transferred to a 0.7-lm nitrocellulose membrane (BioRad, Hercules, CA). Human L-12-LO protein was used as a positive control. Primary antibodies against L-12-LO from 2 sources, Cayman Chemical. (1:500 dilution) and 1 produced in our laboratory (1:1000 dilution) were used. Then, goat anti-rabbit IgG-HRP (1:3000 dilution) was used to complex with the primary antibody. In some experiments, rabbit serum instead of the primary antibodies was used to determine nonspecficity of the antibodies. The detection was made by using Western lightning chemiluminescence reagent and captured by Fuji film X-ray (Tokyo, Japan).
Reverse-transcriptase polymerase chain reaction of P-12-LO
Since a primary antibody against human P-12-LO was not available for this study, the expression of P-12-LO mRNA in PC-3 cells was detected by RT-PCR as previously described with modifications. 23 Briefly, PC-3 cells were washed twice with ice-cold PBS and RNA was extracted using Trizol followed by treatment with RNase-free DNA-Free (Ambion, Austin, TX). One microgram of total RNA was reverse-transcribed using oligo-dT primers with SuperScript III First-Strand Synthesis Kit (Invitrogen). Then, PCR was performed using PCR Master mix (Qiagen, Valencia, CA) with reported human P-12-LO primers (5 0 -GATGATC-TACCTCCAAATATG and 3 0 -CTGGCCCCAGAAGATCTG-ATC) 23 and amplified for 40 cycles. PCR products were separated on a 1.5% agarose gel supplemented with 20 lg of ethidium bromide, exposed to UV light and pictures for markers and GAPDH were captured. For P-12-LO detection, the bands was transferred to a zeta probe membrane (BioRad), and hybridized with a P-12-LO-specific probe (GTTTGAGGGCCATCTCCAGAGC) labeled with adenosine-5 0 -triphosphate (g-32 P) by T4 kinase (Invitrogen). Radioactivity was exposed overnight at 280°C using audioradiography film.
Cell invasion assay
Cell invasion assay was performed as previously described.
14 Briefly, cells were incubated with thymidine [methyl-3 H] (1 lCi/ ml) in media containing 10% fetal bovine serum, rinsed with fresh complete media to remove unbound thymidine and detached. Cell suspensions of 50,000 cells containing the vehicle control or various concentrations of pharmacological agents [AA, 2-AG, 12(R)-HETE, 12(S)-HETE, OTFP and baicalein] were added to each upper compartment of Transwells containing Matrigel-coated 8.0-lm pore polyvinylpyrrolidone-free polycarbonate filters (Corning, Corning, NY). Fibroblast conditioned media (400 ll) was added in the bottom compartment of the well as a chemoattractant. Cells were incubated at 37°C in the incubator for 5 hr. The cells that passed into the lower compartment were detached and counted for radioactivity. Each treatment was performed on 6 wells. Two or three separate experiments were performed. The invasion was reported as the percentage of the invasion of the control cells.
For effects of conditioned media on cell invasion, the conditioned media from PC-3 cells or WPMY-1 cells were diluted with serum free media to 100, 50 and 25% of conditioned media and added in the upper compartments of the Transwells to treat PC-3 cells during the invasion assay. Cell invasion was measured as above.
Results
Metabolism of 2-arachidonoylglycerol in PC-3 cells
PC-3 cells were incubated with exogenous [1-14 C]2-AG for 30 min and samples were extracted and analyzed by HPLC. Two major radiolabeled peaks comigrating with 2-AG and AA standards indicated that [1- 14 C]2-AG was hydrolyzed to [1-14 C]AA (Fig. 1b) . The chromatogram also contained small, more polar [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]-radiolabeled peaks. One of these radioactive peaks comigrated with the 12-HETE standard (Fig. 1b) .
Concentrations of free AA in PC-3 cells were analyzed by LC-ESI-MS. Free AA was present in PC-3 cells (control) and OTFP (1 lM) reduced the AA concentration (Fig. 1c) . Exogenous 2-AG (1 lM) markedly increased AA concentration from the control cells. Again, OTFP reduced AA concentration (Fig. 1c) . These results suggest that the exogenous 2-AG was hydrolyzed to AA and increased the concentration of free AA in PC-3 cells, and OTFP inhibited the hydrolysis of 2-AG and resulted in a decrease in concentration of free AA.
12-HETE, a major LO metabolite of AA in PC-3 cells, was also analyzed by LC-ESI-MS. PC-3 cells produced 12-HETE, and both OTFP (1 lM) and baicalein (a selective 12-LO inhibitor, 10 lM) significantly reduced the 12-HETE concentrations (Fig. 1d) . Again, the exogenous 2-AG (1 lM) markedly increased the 12-HETE concentration from the control cells, and both OTFP (1 lM) and baicalein (10 lM) reduced the 12-HETE concentration (Fig. 1d) . These results suggest that the exogenous 2-AG is hydrolyzed to AA and further metabolized by 12-LO to 12-HETE as illustrated in the schematic diagram (Fig. 1a) . OTFP inhibited the hydrolysis of 2-AG to AA and reduced the 12-HETE concentration while baicalein inhibited the metabolism of AA by 12-LO and resulted in a decrease in 12-HETE concentration.
Identification of 12-HETE stereoisomers
To identify the stereoisomers of 12-HETE, PC-3 cells were treated with exogenous 2-AG (1 lM) for 30 min, lysed and extracted by SPE. The samples were separated on a chiral column and the fractions corresponding to the 12(S)-HETE and 12(R)-HETE standards (Fig. 2a) were collected. The fractions containing 12(S)-HETE and 12(R)-HETE were individually analyzed by LC-ESI-MS 22 and compared with 12-HETE standard (Fig. 2b) . The compositions of 12(S)-HETE and 12(R)-HETE were 62.5% 6 1.4% and 37.5% 6 1.4% (n 5 4), respectively (Figs. 2c and 2d) . Interestingly, baicalein (10 lM) reduced the 12-HETE concentrations in PC-3 cells (as shown in Fig. 1d ) with a greater reduction in 12(S)-HETE than 12(R)-HETE (the compositions were 55.1 and 44.9%, respectively).
Expression of 12-LO in PC-3 cells
Western blot analysis of L-12-LO in PC-3 cell lysates exhibited an immunoreactive band corresponding to the L-12-LO protein standard at the molecular marker of 75 kDa (Fig. 3a) . Both primary antibodies (Cayman Chemical and our laboratory) gave identical results. RT-PCR of P-12-LO mRNA indicated the gene expression of P-12-LO in PC-3 cells (Fig. 3b) . Results from previous studies demonstrated an expression of P-12-LO and its role in cell invasion of PC-3 cells. [24] [25] [26] The results from this study suggest that L-12-LO as well as P-12-LO are expressed and may contribute to production of 12(S)-HETE and cell invasion in PC-3 cells.
Effects of exogenous 2-AG, AA, and 12-HETE on cell invasion
Exogenously added 2-AG increased invasion of PC-3 cells, and OTFP (1 lM) blocked the invasion (Fig. 4a) . Exogenously added AA increased invasion of PC-3 cells, and baicalein (10 lM) blocked the invasion (Fig. 4b) . Exogenously added 12(S)-HETE also increased invasion of PC-3 cells (Fig. 4c) . However, 12(R)-HETE did not significantly alter cell invasion (Fig. 4d) . Taken together, these results suggest that the increase in cell invasion of PC-3 cells by the exogenous 2-AG, at least in part, because of the hydrolysis of 2-AG and metabolism of AA by 12-LO to produce 12(S)-HETE. 
Discussion
This study demonstrated that endogenous 2-AG is anti-invasive in prostate carcinoma (PC-3 cells) while exogenous 2-AG causes the opposite effect, an increase of cell invasion. The rapid hydrolysis of the exogenous 2-AG to AA and subsequent 12-LO metabolism is responsible for the increase invasion of prostate carcinoma PC-3 cells.
The basal AA concentration was reduced with OTFP. This is consistent with our previous findings that the inhibition of endogenous 2-AG hydrolysis by OTFP increases 2-AG concentrations and decreased invasion in PC-3 cells. 15 Exogenously added 2-AG markedly increased free AA concentration. Again, the increase in AA concentration was reduced by OTFP. Both OTFP and baicalein reduced the 12-HETE concentrations in PC-3 cells by reducing the availability of free AA from 2-AG hydrolysis and by inhibiting the 12-LO metabolism of AA to 12-HETE, respectively. These results indicate that 2-AG is one of the sources of free AA and its 12-LO metabolite, 12-HETE.
Platelet-type, leukocyte-type and epidermal-type are the characterized forms of 12-LO that metabolize AA to 12(S)-HETE. 12(R)-LO has been cloned from human keratinocytes, 29 and produces 12(R)-HETE. P-12-LO has been investigated in androgen-independent PC-3 cells. P-12-LO promotes prostate cancer metastasis and angiogenesis. [23] [24] [25] [26] [30] [31] [32] L-12-LO has been investigated in the vascular systems. 23, 33, 34 The expression and function of L-12-LO have been characterized in human breast cancer tissues and cells 35 and rat W256 cells 36 Exogenously added 2-AG increased cell invasion in PC-3 cells and OTFP inhibited the increase of cell invasion. Exogenously added AA also increased cell invasion which was inhibited by baicalein. Similarly, exogenously added 12(S)-HETE increased cell invasion consistent with previous studies demonstrating enhanced prostate carcinoma cell invasion with 12-(S)-HETE. 37 These studies indicate metabolism of 2-AG to AA and 12-HETE is required for increased invasion.
The role of 12(S)-HETE in promoting prostate cancer growth and metastasis is established. 25, 26 However, prostate carcinoma cells also produce 12(R)-HETE. Since 12(R)-HETE is functionally inactive, AA metabolism to 12(R)-HETE may be desirable to reduce prostate cancer invasion.
Studies of the metabolism and effects of exogenous 2-AG is more than an experimental curiosity. These results suggest that exogenous 2-AG in the microenvironment of the prostate carcinoma cells may play a role in prostate tumor metastasis. In the microenvironment of the prostate carcinoma cells, other cell types can synthesize and release 2-AG and may be metabolized to AA and 12-HETE and influence carcinoma cell growth and migration. Although PC-3 cells and WPMY-1 cells might release several factors that can induce invasion of PC-3 cells, they also released 2-AG and its enzymatic metabolites (AA and 12-HETE) into the microenvironment and may promote the invasion of prostate carcinoma cells. These results suggest the release of 2-AG and its metabolites by surrounding cells such as other carcinoma cells and stromal cells may enhance the metastatic potential of prostate carcinoma cells. We have previously shown that endothelial cells release 2-AG in response to agonist. 40 Platelets are another source of this lipid. [41] [42] [43] [44] The local concentrations of these lipids at close proximity or in microenvironment of prostate carcinoma cells can be high. Thus, 2-AG from these other cell types will behave as exogenous 2-AG to promote prostate carcinoma cell invasion.
In conclusion, an increase of invasion in PC-3 cells by exogenous 2-AG is mediated, at least in part, through the hydrolysis of 2-AG to AA and further AA metabolism by 12-LO. Since the binding sites of the CB receptors are located in the plasma membrane, 45 the exogenous 2-AG will be susceptible to hydrolysis before it can bind to the receptors. These studies emphasize the critical role of enzymes that metabolize endogenous and exogenous 2-AG. These enzymes represent molecular switches that determine if invasion is turned off or invasion is turned on. Whereas endogenous 2-AG inhibits cell invasion, the metabolism of 2-AG to AA and 12-HETE results in the opposite effect, an increase in invasion. Understanding the regulation of 2-AG metabolism and the enzymes responsible for its metabolism is important to our understanding of prostate cancer. Molecular and pharmacological approaches to reducing 2-AG metabolism represent a therapeutic approach of great potential for controlling prostate cancer invasion.
